Summary. In mongrel dogs weighing 15-25 kg and anesthetized with thiopental-gamma-hydroxybutyric acid the effects of venous gas infusion and injection on several respiratory variables were investigated. During spontaneous respiration pulmonary gas embolism caused an increase of the ventilatory minute volume depending on the degree of embolization. The contribution of breathing frequency and tidal volume to the increase of ventilatory minute volume varied from one animal to the other. During constant artificial ventilation pulmonary gas embolism impaired the pulmonary gas exchange depending on the degree of embolization. How far a steady-state phase in gas exchange can be reached during continuous venous gas infusion depended on the adaptation of the circulation. At severe degrees of embolization circulation as well as gas exchange became deficient. Increasing artificial ventilation during pulmonary gas embolism improved the wash-out of carbon dioxide, but hardly affected the uptake of oxygen. The most important origin of the disturbed gas exchange in pulmonary gas embolism seemed to be an increased inequality of the ventilation-perfusion ratio distribution.
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INTRODUCTION
The most prominent effects of pulmonary embolism are tachypnea, polypnea, dyspnea, increased airway resistance, decreased compliance of the lung, and arterial hypoxemia (Behnke et al., 1935/t936; Bernthal et al., 1961; Byrne et al., 1953; Caldini, 1965;  * Present address: Department of Physiology, BiomedicalCenter, Medical Faculty, University of Limburg, Maastricht, The Netherlands Cate et al., 1953; Derks and Peters, 1974; Dick, 1939; Goodwin and Harmel, 1949; Gootman et al., 1962; Halmagyi et al., 1963; Hirose et al., 1973; Horres and Bernthal, 1961; Khan et al., 1972; Levy et al., 1963; Marazzini et al., 1966; Megibow et al., 1942; Mills et al., 1969; Nadel et al., 1964; Sasahara et al., 1967; Whitteridge, 1950; Williams, 1956; Wolffe and Robertson, 1935) . The changes in ventilation and lung mechanics during pulmonary embolism may be induced by a stimulation of lung receptors (irritant receptors). Bernthal et al. (1961) , Cate et al. (1953) and Marazzini et al. (1966) found a relationship between the amount of compact emboli, the increase in pulmonary arterial pressure (Pap) and the increase in breathing frequency. In this study the same relationship is investigated using gaseous emboli.
The second part of this study is devoted to the pulmonary gas exchange during pulmonary embolism. A relatonship could be demonstrated between the degree of pulmonary gas embolism and the degree of arterial hypoxemia during constant artificial ventilation. In the literature the following possibilities are mentioned as a cause of arterial hypoxemia: opening of arterio-venous anastosomes in the pulmonary circulation; alveolar hypoventilation; atelectasis; decreasing diffusing capacity; and unfavorable ventilation-perfusion ratio distribution.
There is indirect evidence from this study that a more unfavorable ventilation-perfusion ratio distribution during pulmonary gas embolism is the major factor causing arterial hypoxemia and hypercapnemia.
METHODS
Anesthesia and preparation of the experimental animals were described in a previous paper (Verstappen et aI., I977) . The following respiratory variables were recorded on a UV-recorder (Honeywell Visicorder, model 1108): pneumotachogram (pneumotachograph, Elema, Stockholm), capnogram from an infrared CO2 analyzer (capnograph, Uras, Hartmann and Braun), and oxygrams from polarographic electrodes located in the abdominal aorta and in an Pfltigers Arch. 368 (1977) outlet from the tracheal tube. The Po2 electrode in the arterial blood had a response time for 95 ~o deflection of 0.4 s. It was insensitive to pressure and moderate acceleration of the blood and had a stability of 0.5~o during 10h (Kimmich and Kreuzer, 1969a) . The Po2 electrode in the gas phase was placed between the tracheal tube and the heated pnenmotachograph. The temperature of the passing air at the electrode could be held constant in this way. The response time for 95 ~o deflection was 0.1 s; the stability was within 0.5~ during 10 h (Kimmich and Kreuzer, 1969b) . Furthermore, samples were taken from arterial and mixed venous blood for analysis of Po2, Pco2 and pH (Gas monitor and pH meter 22, Radiometer, Copenhagen). Pulmonary arterial pressure, systemic arterial pressure and cardiac output were measured, as described in a previous article (Verstappen et al., 1977) to serve as a circulatory measure of the degree of embolization.
RESULTS

A. Effects of Pulmonary Gas Embolism on Respiratory Variables during Spontaneous Ventilation
In Table 1 breathing frequency and minute volume after i.v. administration of 2 ml rain -1 O2, 5 ml rain -z 02, 5 ml rain-1 He and 5 ml rain-1 air during 15 rain are compared with the values before the gas infusion. Infusion of 5 ml rain-1 02 induces a larger increase of ventilation than infusion of 2 ml min-~ 02. O2 and He cause similar changes in ventilation during infusion of 5 ml rain-~ but 5 ml rain-t air produces a much larger increase of ventilation. This is in agreement with the degree of embolization as seen from the increase of Pap (Verstappen et al., 1977) . The large standard errors in the increase of breathing frequency and of minute volume during venous gas infusion indicate the individual differences of changes in ventilation in different dogs; some dogs preferentially respond by an increase in breathing frequency and others by an increase in tidal volume. The gas exchange in the lungs during pulmonary embolism is impaired as reflected by the increasing alveolararterial pressure differences for O2 and CO2. In spite of hyperventilation the arterial oxygen pressure (P, o~) is always decreased and the arterial CO2 pressure (Paco) is increased in most cases. No relation between the extent of embolization and arterial blood gases can be found, because concomitant changes of pulmonary perfusion and ventilation will affect the arterial gas pressures in an unpredictable way.
Two records of changes in circulation and ventilation caused by venous gas injection (50 ml CO2 and 50 ml O2) are shown in Figures I and 2 . CO2 causes an increase in Pap of a few mm Hg about 3 s after the injectio n. Within 60 s Pap has returned to its initial level. Pa shows an almost identical reaction. After O2 injection Pap rises much higher to a maximum around the 47th s, which is in the range between 30 and 60 s as previously found for the maximum (Verstappen et al., 1977) . Then Pap slowly decreases to its initial level within 15 rain. P~ only shows a short-lasting decrease from 20 to 50 s after the injection. Heart frequency is markedly reduced from 10 to 40 s, which is only seen in this experiment and not in others. The ventilatory changes due to CO2 and 02 injection are different too. CO2 causes a transient increase in breathing frequency and tidal volume which starts about 10 s after the injection, but 10-15 s later the original values are reached again. Alveolar CO2 pressure is increased until the end of the polypneic phase. About 8 s after the O2 injection breathing becomes rapid and shallow. After an apneic phase of 25 s the breathing pattern becomes irregular for many minutes before the original ventilation is reestablished. The alveolar CO2 fraction is lowered even after the apneic phase.
B. Effects of Pulmonary Embolism during Constant Artificial Ventilation
a) During Venous Gas Infusion. The gas exchange in the lungs with constant artificial ventilation is impaired during venous gas infusion. As shown in Table 1 Effects of venous infusion of various gases on ventilation Control data were measured before gas infusion, data during gas infusion 15 rain after starting gas infusion Table 2 , the degree of impairment is related to the increase in Pap. The increased alveolar-arterial 02 pressure difference [(A-a)Do2] is mainly due to a decrease of Pao~ and less to an increase of PAo~ (Table  2a ). The increased arterio-alveolar CO2 pressure difference [(a-A)Dco2] shows a similar pattern (Table 2b ). The data in Table 2 are expressed in relative values and therefore the change in Paco~ appears to be larger than that in PAo~ with the same degree of pulmonary gas embolism. Figures 3 and 4 show the changes in respiratory variables during a moderate degree (infusion of 3.2 ml rain -1 O2) and a severe degree (infusion of 3.2 ml rain -1 air) of pulmonary gas embolism. (Fig. 4) , and Q slowly decreases from 4.0 to 3.3 1 rain -1 during this period. Another interesting phenomenon is the appearance of irregularities in the end-expiratory part of the breathing curves of 02 and CO2 rather than a smooth plateau during venous gas infusion (Fig.5) . These irregularities increase with the degree of embolization and disappear again after stopping the gas administration. Furthermore, the maximum levels of FAo~ and FAco~ during successive expirations vary during the venous gas infusion.
b) After Venous Gas Injection. Figure 6 shows the decrease of P, o2 after injection of various air volumes. Artificial ventilation with a mixture of 60 ~ O2 and 40 ~o N2 is used to keep the chemically bound O2 fraction in the blood constant. During acute massive gaseous lung embolism the decrease of Pao~ depends on the degree of embolization. Figure 7 shows the relationship between Pao~ and FA co2 and the intravenous injection of the same volume of various gases, The Arterio-alveolar CO2 difference [(a-A)Dco~], arterial CO2 pressure (Paco2), alveolar COz pressure (PAco2) and mean pulmonary arterial pressure (Pa~) were measured before gas infusion (control data) and 15 min after starting gas infusion when a steady state phase was reached (infusion data) marked similarity of the curves suggests that injection of these gases causes the same degree of embolization. This is in agreement with the results from a previous investigation concerning the circulatory changes after venous gas injection (Verstappen et al., 1977) .
C. Influence of Breathing Frequency and Tidal Volume during Venous Gas Infusion on Circulatory and Respiratory Variables
In Table 3 the results from a representative experiment are listed. During gas infusion (3.2 ml rain -1 02) ventilation is changed by an increase in tidal volume or by an increase in breathing frequency. The data were obtained in steady state. The circulatory variables are hardly affected by the changed ventilation. The most marked change is a decrease of P .... due to a decreased PAco, during hyperventilation. However, the corresponding increase of PAo2 barely affects P.o2.
DISCUSSION
For a systemic analysis this discussion is divided into two parts:
A. Changes in Ventilation B. Changes in Pulmonary Gas Exchange
A. All investigations report rapid shallow breathing as a symptom of lung embolism. Bernthal et al. (1961) , using glass beads of 75 btm diameter, found a linear relationship between the amount of emboli and the increase of breathing frequency. They calculated that a minimum obstruction of 10~ of the pulmonary circulation was required for tachypnea. Horres and Bernthal (1961) found that the tachypneic response was independent of the localization of the emboli and of their spread in the lung lobe. Cate et al. (1953) and Marazzini et al. (1966) obtained similar results and furthermore found a relationship between the increase (Fig. 1) Bond, 1969) . In other words the embolic effect of 02 bubbles predominates over a possible contribution to the oxygenation of the blood. There has been much speculation concerning the origin of arterial hypoxemia during pulmonary embolism. 1. Arterio-venous anastomoses in the pulmonary circulation might be an important factor (Niden and Aviado, 1956 ), but even the existence of such communications in dog and man is doubtful. 2. A second factor might be a decrease in diffusing capacity. However, Levy et al. (1963) showed that this is a minor factor only. 3. The increased velocity of the blood stream through the open capillaries (Josephson, 1970 ) also seems to be unimportant, because a contact time of 0.2-0.3 s (normally 0.8 s) is still sufficient in normoxia to oxygenate the blood completely (Hlastala, 1973) . 4. Alveolar hypoventilation caused by the tachypnea may be ruled out since in the present investigaton it is shown that hypoxemia persists even when ventilation is kept constant. 5. A last possibility is a more uneven distribution of the ventilation-perfusion ratio. An important argument in favor of this factor is the disappearance of arterial hypoxemia when breathing hyperoxic gas mixtures (Gootman et al., 1962; Steffey et al., 1974; Williams, 1956) , or when breathing with increased expiratory pressure (Caldini, 1965; Gootman et al., 1962) . In the first case the increase of Po2 in all aerated alveoli explains the increased oxygenation of the blood, and in the second case the aerated alveoli which participate in pulmonary gas exchange are increased. Levy and Simmons (1974) and Severinghaus et al. (1961) showed that there is a gas flow shift to the perfused parts of the lungs, but this shift is not sufficient to completely restore the original distribution of ventilation and perfusion. Most investigators used solid particles (glass beads, thrombi, barium sulfate etc.) as embolic material. One may assume that these emboli are trapped at the same place (at least during the first hours). In this stationary situation the original distribution of ventilation and perfusion may be partly reestablished. During venous gas infusion, however, this does not hold because bubbles continually arrive and disappear at different places (Verstappen et al., 1977) , so that the distribution of ventilation and perfusion must change from moment to moment. The irregularities in end-expiratory COa and 02 concentration might reflect this change in the distribution of ventilation and perfusion ( Fig. 5 ; see also Fowler, 1966) . During the steady state phase of gas infusion this does not exclude the presence of a constant overall ventilation-perfusion ratio, as evidenced by constant alveolar-arterial pressure differences of CO2 and 02. Increase of alveolar ventilation either by increase of breathing frequency or by increase of tidal volume, has no effect on the circulatory steady state during pulmonary gas embolism. This is in agreement with the conclusion from a previous investigation (Verstappen et al., 1977) that the disappearance of the bubbles depends on Pap and the physical properties of the infused gas, but not on ventilation. However, the gas exchange is affected by an increase of alveolar ventilation during venous gas infusion. P .... decreases parallel to PAco, SO that the arterio-alveolar CO2 pressure difference is maintained. P .... however, barely rises with increased PAo2. A possible explanation for this difference may be derived from the shape of the dissociation curve of these gases. With increasing ventilation in the well ventilated alveoli more CO2 will be washed out from the blood but only little more 02 will be taken up by the blood since the hemoglobin is almost saturated with Oz already. After mixing of this blood with that from poorly ventilated alveoli mean P .... will be decreased but mean Pao~ will not be increased much because (1) the 02 extra dissolved due to the increased PAo2 is mopped up by the unsaturated blood from the poorly ventilated alveoli, and (2) the decreased P .... and increased pH shift the 02 dissociation curve to the left.
